A biochemical and quantitative morphologic study of presynaptic endings during postnatal development was carried out in subcellular fractions from cerebral cortex of 1, 4, 8, 12, and 18 day old and adult rats . Crude mitochondrial fractions were subfractionated in Ficoll gradients and all resulting fractions were examined in the electron microscope . Presynaptic terminals and other intact processes were counted . Protein content and enzyme activities were assayed in the fractions and in total brain homogenate . In the first and fourth day of life, most of the presynaptic terminals were found in two "light" fractions, between supernatant and 7 .5% o Ficoll, where they accounted, respectively, for 6 and 22% of all the processes . Progressively with age, more presynaptic terminals were found in the traditional "synaptosomal" fractions between 7 .5 and 13% Ficoll . In that region of the gradient, 40, 54, 75, and 89 % of the processes were presynaptic endings at 8, 12, and 18 postnatal days and in the adult animal, respectively . A similar shift from the lighter to the heavier fractions was observed in the distribution of choline acetyltransferase and acetylcholinesterase between days 8 and 12 . The rate of increase of the specific activity of these two enzymes paralleled that of the percentage of the presynaptic endings after day 8 . This study indicates that subcellular fractions can be used to study formation and maturation of synapses during postnatal development .
INTRODUCTION

During fetal and neonatal development of cerebral
The proliferation of neuronal processes is accortex, behavioral, bioelectric, and chemical companied by progressive increase of the number changes occur along with progressing structural of synaptic junctions which reach adult values organization (1) (2) (3) (4) (5) (6) (7) . In the rat, early postnatal around the 20-25th day of postnatal developmaturation of the cerebral cortex (1-10 days) ment ; a sharp increase of the number of synaptic consists, almost exclusively, of growth and pro-junctions occurs between days 12-20 of postnatal liferation of neuronal and, to a lesser extent, glial development (2) . processes (1, 8) . According to Eayrs and GoodBiochemical studies of synaptosomal fractions head, maximal growth of axons occurs during isolated from rat brains during the period of days 6-19 of postnatal development, while perinatal development have shown significant dendritic proliferation takes place during days changes in the activities of the sodium-potassium 18-24 of postnatal development (1) .
adenosine triphosphatase, acetylcholinesterase, succinic dehydrogenase, and of the protein, lipid, and acetylcholine contents (9) (10) (11) (12) ; however, the lack of adequate morphologic controls raises doubts on the identity and the purity of these fractions . In the present study a quantitative ultrastructural and biochemical examination was performed on all fractions derived from the crude mitochondrial fraction of rat cerebral cortex homogenates during neonatal development . Also, the sensorimotor cortex of 4-and 15-day old rats has been examined in the electron microscope in order to compare the in situ morphology with that of the isolated synapses and other processes . It has been found that corresponding fractions from animals of different ages are quite dissimilar in morphology and enzymatic activities and contain varying proportions of presynaptic terminals and of other segments of nerve cell processes ; in he 1 day old animals, synaptosomes are present only in fractions lighter than the so-called "synaptosome" fraction. In these lighter fractions synaptosomes account for only 6% of the processes while immature neurites account for the remaining 94% . Progressively, more presynaptic terminals appear in synaptosome fractions which by the 18th day have morphology, sedimentation properties, and enzyme activities comparable to the adult fractions .
MATERIALS AND METHODS
Preparation of Subcellular Fractions
Osborn-Mendel white rats were obtained from West Jersey Biological Supply Farms, Wenonah, N. J . Several animals of similar size from a litter were combined for the fractionation . The adults weighed around 200 g . Cerebral cortices were dissected immediately after decapitation and kept at 0°-4°C . Subcellular fractions were prepared as previously described (13) . The crude mitochondrial fraction was subfractionated in a discontinuous Ficoll gradient (Pharmacia Fine Chemicals, Inc ., Uppsala, Sweden) . After centrifugation, five distinct bands at the interphase of the different Ficoll solutions plus a pellet were obtained . Fraction 1 was between the supernatant and the 5% Ficoll, fraction 2 between 5 and 7 .5%, fraction 3 (which included two bands) between 7 .5 and 13%, and fraction 4 between 13 and 20% Ficoll . Fraction 5 was the pellet . Each fraction was removed with a Pasteur pipette, diluted with 0 .32 M sucrose, and centrifuged at 40,000 g for 30 min ; the resulting pellets were resuspended in 0 .32 M sucrose with a loose Dounce homogenizer, and samples were taken for electron microscope studies and enzyme determinations .
Assay of Enzyme Activities
Acetylcholineserase (E.C . 3 .1 .1 .7) was assayed by the method of Ellman et al. (14) , with acetylthiocholine iodide as substrate ; the reaction was followed spectrophotometrically at room temperature ; a parallel sample containing 1 X 10-4 M 62C47 (Burroughs Welcome & Co., Tuckahoe, N. Y.) was subtracted as a blank . Succinic dehydrogenase (E .C. 1 .3.9 .9.1 ) activity was determined colorimetrically by the method of Pennington (15) . Choline acetyltransferase (E.C . 2.3 .1 .6 ) was determined by the method of Schrier and Shuster (16) as modified by Schrier' ; lactate dehydrogenase (E .C. 1 .1 .1 .27 ) was determined according to Kornberg (17) , following spectrophotometrically the consumption of nicotinamide adenine dinucleotide at room temperature. All enzymatic activities will be expressed as micromoles substrate per hour per milligram protein . Protein was determined according to Lowry et al . (18) , with bovine serum albumin used as standard .
Electron Microscopy TISSUE Two 4-day old and one 15-day old animals were perfused through the heart with 5% glutaraldehyde in 0 .1 M cacodylate buffer (pH 7 .4) containing 2% of 0.1 M CaC12 . A coronal section of the brain corresponding to the level of the infundibulum was removed and the dorsolateral segment of the sensorimotor cortex was sampled for electron microscopy. The tissue was postfixed in Dalton's fixative (19) .
FRACTIONS
Small samples from each resuspended fraction were transferred to plastic tubes and fixed for 3-12 hr in the same fixative used for the in situ fixation . After fixation, the fractions were centrifuged in a Sorvall RC2-B centrifuge (Ivan Sorvall, Inc., Norwalk, Conn .) (4°C) at 40,000 g for 10 min ; the supernatant was discarded and the pellet was resuspended in Dalton's fixative for 1-2 hr at 4°C . The fractions were dehydrated in graded ethanol and infiltrated with Araldite . The entire procedure was carried out in the same plastic tube to minimize loss of material . After the fraction was thoroughly suspended in the last mixture of Araldite-accelerator, it was packed into a small pellet by centrifugation for 20 min at 40,000 g at 30°C. Polymerization was carried out in the original plastic tube at 60°C for 3-4 days. The plastic tube was sectioned and its Araldite case was removed . The pellets, measuring from 1 to 4 mm in thickness, were cut with diamond knives along the depth to surface axis . Sections were stained with 1 Schier, B . K., personal communication .
uranyl acetate and lead citrate and examined in a Siemens-Elmiskop I electron microscope at a voltage of 80 kv (20, 21) . Pictures were taken in sequence from the entire thickness of the pellet at 4000-8000 magnifications. Electron micrographs, magnified two to three times, were used for the quantitative studies . Broken or empty processes, free mitochondria, and processes less than I µ in diameter were not counted . Processes with three or more vesicles, 300-500 A in diameter, were characterized as presynaptic endings ( terminals ; instead, processes, characterized as immature presynaptic terminals, were found ( Fig. 1) . The immature terminal contained microtubules and three to five synaptic vesicles ; the osmiophilic material in the synaptic cleft was well developed, and often, the subsynaptic web was clearly seen in the postsynaptic element . Immature axon terminals made contacts with neuronal perikarya and dendritic processes . Most synaptic complexes seen in the 15 day old neocortex were similar in morphology to those of the adult cortex (Fig . 2) . In the 15 day old neocortex, presynaptic terminals did not contain microtubules ; 20-40 synaptic vesicles were present in each presynaptic terminal . Flattened synaptic vesicles were rarely observed ; dark-core synaptic vesicles were even sparser than flattened synaptic vesicles .
STUDY OF FRACTIONS
FIRST DAY : Examination of fraction 3, which in mature brains contained mainly synaptosomes, revealed free mitochondria, much membranous debris, and very few intact processes which did not contain vesicles . Free mitochondria were concentrated in fraction 4 . Presynaptic terminals were found in fractions 1 and 2 which were similar in FIGURE 2 15 day old rat sensorimotor cortex . Fixation by glutaraldehyde perfusion . Two fully mature synaptic complexes (arrowheads) . The presynaptic endings contain numerous vesicles . X 31,000 . appearance (Figs . 3, 4) . Processes measuring 0 .5-3 u were densely packed throughout the thickness of the pellet . Most processes contained amorphous-granular material and a few membrane-bounded vacuoles . Synaptic vesicles of an average diameter of 550 A were seen rarely in these processes (Fig . 3 , Table I ) . Occasionally, dark-core vesicles 800-900 A in diameter were seen in proc- 4 8 8 THE JOURNAL OF CELL BIOLOGY • VOLUME 51, 1971 esses containing synaptic vesicles . Synaptic junctions were not seen . A few processes contained either ribosomes or bundles of fibrils 50-80 A thick (Fig . 4) . Processes with these fibrils were not seen after the eighth day in any of the examined fractions. Mitochondria within the processes were sparse, and free mitochondria were seen only occasionally . 6% of the processes in fractions I and 2 were presynaptic terminals (Table I) ; the remaining 94% of processes were identified as immature neurites (dendrites, axons) . Most of the presynaptic terminals contained few synaptic vesicles, and probably corresponded to the immature terminals seen in situ (Figs . 1, 4 ) .
FOURTH DAY : As in day 1, fraction 3 showed few preserved processes and free mitochondria . The two lighter fractions, 1 and 2, showed a large number of well-preserved processes . In general, fractions 1 and 2 from day 4 resembled the corresponding fractions from day 1 ; however, significantly more presynaptic terminals were recognized in day 4 than in day 1 (21-24% counted processes were presynaptic terminals) ( Table I) .
EIGHTH DAY : Examination of lighter fractions I and 2 showed processes which appeared empty or contained amorphous-granular material and a few synaptic vesicles (Fig . 5 b) . Occasional dark-core vesicles were seen either alone or mixed with synaptic vesicles . A rare process contained packed synaptic vesicles as in fractions from older animals . Traces of myelin were first observed in fractions I and 2 at this age . Well-differentiated presynaptic terminals were concentrated in fraction 3 which also included many larger processes containing either ribosomes or fibrils and amorphous-granular material (Fig. 5 a) . Vesicles resembling synaptic vesicles in size and contour were seen frequently in processes which contained amorphous-granular material (arrowhead in Fig. 5 a) . This finding suggests that the processes with the same amorphous-granular material, but lacking synaptic vesicles, seen in abundance in fractions I and 2 of days 1 and 4 (arrowhead, Fig. 4 ), probably represent immature terminals or growing axons. Fractions 4 and 5 of the gradient contained a mixture of components seen in the lighter fractions, debris, and a large number of free mitochondria . Presynaptic terminals in fraction 3 were 36-45% of all processes (Table I) .
12TH DAY : Fractions 1 and 2 were similar to those of day 8, except for the presence of myelin . In fraction 3, most processes identified as presynaptic terminals contained a varying number of synaptic vesicles ; however, occasional processes with few synaptic vesicles, probably representing immature terminals, were still seen (Fig . 6 a) granular material and probably were fragments processes, free mitochondria, and presynaptic of dendrites and growing axons ; myelin was not terminals . Presynaptic terminals which were conseen in fraction 3 . The heavier fraction 4 and the centrated in fraction 3 accounted for 47-64 % of all pellet 5 were composed of unidentifiable large processes . Presynaptic terminals made up 61-83 % of counted processes ; some of the remaining processes contained endoplasmic reticulum and polysomes (Fig . 7) ; also, traces of myelin were seen in this fraction .
About 90 % of the processes in the synaptosome fraction 3 were presynaptic terminals .
The other 10% of processes were either postwith were ADULT : synaptic elements or isolated ribosomes . Significant amounts always present (Fig . 8) .
processes of myelin
Biochemistry
In the total homogenates of cerebral cortex, the specific activity of all the enzymes studied increased with development (Fig . 9) . The activities reported are expressed per milligram of protein ; lower but otherwise similar curves were obtained if the activities were expressed per wet weight .
The rates of increase of the enzyme activities were similar ; all showed a higher rate of increase between days 8 and 18 (Fig . 9) .
The percentage of protein and enzyme activities recovered at different ages in the crude mitochondrial fractions were similar (Fig . 10) , indicating that about the same percentage of brain cortex was subjected to subfractionation in the Ficoll gradient .
The enzyme distribution in the Ficoll gradient at different ages correlated fairly well with the morphologic findings (Fig . 11) . In adult animals, 40% of both choline acetyltransferase and acetylcholinesterase activities, enzymes known to be localized in high concentrations in synaptosomes (22, 23), were associated with fraction 3 which is composed mainly of synaptosomes (Fig. I1) . In contrast, in 1 day old animals, about 40% of these enzyme activities were localized in fraction 1 ; the percentage of activities recovered in fraction 3 increased progressively with age ; also, the FIGURE 8 Adult . Note myelin contaminants. Majority of processes contain synaptic vesicles. Arrowhead : unidentifiable process with ribosomes . X 16,000 .
percentage of protein recovered in this fraction doubled from day 1 to adult ( Fig. 11) . The distribution pattern of lactic dehydrogenase, a cytoplasmic marker, showed changes with age similar to those of choline acetyltransferase and acetylcholinesterase .
The rate of increase of specific activity of choline acetyltransferase in the synaptosome fraction was similar to that of the percentage of presynaptic terminals from days 8 to 18 (Fig . 12) . This correspondence, however, was lacking between days I and 8 when the percentage of presynaptic terminals rose sharply while the increase of the 4 9 4 THE JOURNAL OF CELL BIOLOGY • VOLUME 51, 1971 specific activity of choline acetyltransferase was negligible . The rate of increase of the specific activity of acetylcholinesterase was low between days 1 and 12 and paralleled the increase of choline acetyltransferase thereafter.
DISCUSSION
In 1-and 4-day old animals, fraction 3, which in the adult contains the bulk of the synaptosomes, is small and contains only 12% of the recovered protein (Fig. 11) ; this fraction is made up of membranous debris, a few processes, and free mitochondria . At these ages, presynaptic endings are seen mainly in the lighter fractions I and 2, where at 1 day they represent 6% and at 4 days 22 % of the processes . These fractions contain most of the choline acetyltransferase and actylcholinesterase activities (Fig . 11 ), although at this stage of development their specific activities are very low (Fig . 12) . The remaining 94 and 78%c of processes in these fractions are unidentifiable by morphologic criteria ; however, it is safe to assume that they represent growing neurites and immature presynaptic terminals ; it is unlikely that oligodendroglial cell processes are present at this early stage of development because, in the rat, (24) ; also, the contamination by astrocytic processes is not significant since processes with characteristic astrocytic fibrils were seen only occasionally ( Fig. 4) (25) . In contrast to the nerve endings of the adult, nerve endings from 1-and 4-day old animals contain few synaptic vesicles and amorphousgranular material which is not seen in 18-day old and adult terminals or in the processes of the intact cortex (Figs . 1, 3, 4, 8) . This amorphous-granular material could represent poorly preserved synaptic vesicles or microtubules ; the latter possibility is more likely since microtubules are damaged easily at the low temperatures of cell fractionation and centrifugation (26), and microtubules and microtubular protein are abundant during neonatal development ( Fig . 1) (27) ; the absence of amorphous-granular material in the in situ processes also suggests its artifactual nature (Fig . 1) .
Subcellular fractions derived from rat brains in the first few days after birth have been studied morphologically by 28) . Spence and Wolfe have described a fraction rich in gangliosides which in the electron microscope consisted of membranous arrays and empty processes . The different method of isolation followed by these authors renders comparisons with the present findings difficult ; however, they too found that their lightest fraction of the newborn rat contained nerve endings . In contrast to our results, they did not find acetylcholinesterase associated with this fraction . AbdelLatif et al. indicated that nerve endings from 1 day old rats are similar to those of 25-day old animals (11) ; however, their illustrations of 1-and 25-day old fractions show significant differences in the number of vesicles per presynaptic terminal, of empty processes, and of well-formed presynaptic terminals between these two ages . As far as we could ascertain, fractions from neonatal rat brains containing neurites and immature presynaptic terminals have not been previously reported .
Beginning at day 8, well-formed nerve endings are seen in fraction 3, and their number in this fraction increases progressively with development . As in younger animals, some nerve endings are present in the lighter fractions I and 2 ; however, these fractions as a whole are morphologically different from those seen in the earlier ages ; after the 12th day, many empty processes and myelin are present in these fractions which are similar to the light synaptosome fractions of Whittaker (29) . The shift of the synaptosome fraction from the lighter fractions to fraction 3 is reflected also in the enzyme distribution . From the 12th day, choline acetyltransferase and acetylcholinesterase are predominantly found in fraction 3 ( Fig . 11) . This shift of the synaptosome fractions probably reflects the structural and biochemical maturation of the nerve endings which become heavier and migrate to a denser layer of the gradient. The "lighter" nerve endings in fractions 1 and
